Context: A reduction in maximal mitochondrial ATP production rate (MAPR) and mitochondrial DNA (mtDNA) abundance occurs with age in association with muscle weakness and reduced endurance in elderly people. Branched chain amino acids (BCAA) have been extensively used to improve physical performance.
S
arcopenia contributes to many of the chronic pathologies associated with aging, including frailty, insulin resistance, and type 2 diabetes (1, 2). As the world's population undergoes a relatively rapid advancement in age, the socioeconomic impact of sarcopenia and its related comorbidities will be overwhelming if allowed to go unchecked. In addition to sarcopenia, there is increasing evidence of age-related declines in skeletal muscle mitochondrial function (3, 4) in association with reduced peak oxygen uptake. In particular, prior studies indicate that maximal mitochondrial ATP production rates (MAPR) and activity of mitochondrial oxidative enzymes decline with age. The age-related decline in mitochondrial function is associated with reductions in mitochondrial DNA (mtDNA) abundance (5, 6) .
Amino acids, particularly branch chain amino acids (BCAAs), provide an attractive nonpharmacological ap-proach for the potential prevention and treatment of sarcopenia and its related comorbidities. Many athletes and bodybuilders use BCAA supplements with the belief that they act as an ergogenic aid by enhancing their physical performance and skeletal muscle accretion (7, 8) . In addition, amino acids, particularly BCAAs, may be used clinically to attenuate diet-induced muscle atrophy (9) , to facilitate wound healing (10, 11) , and prevent sarcopenia (12) (13) (14) . It was recently reported that 3 months of essential amino acid (15 g/d) supplementation increases lean body mass, basal muscle protein synthesis, and IGF-I expression in elderly women (15) .
We previously reported that maximal MAPR, activity of mitochondrial enzymes, and abundance of mRNA gene transcripts encoding mitochondrial proteins were stimulated by an 8-h infusion of insulin plus a mixture of amino acids in healthy young participants (16) . The above study suggests a unique role for amino acids in regulating both muscle mitochondrial function and protein synthesis and an intriguing interaction between amino acids and mitochondrial biogenesis. Mechanistically, BCAAs enhance cell signaling pathways [e.g. Akt-mammalian target of rapamycin (mTOR)] that regulate skeletal muscle protein synthesis (17) , which in turn may also facilitate an enhancement in mitochondrial ATP production. BCAAs may also have important effects on intermediary metabolism, which also facilitate an enhancement mitochondrial function. For example, leucine provides carbon skeletons to the citric acid cycle at the level of acetyl-CoA that may acutely enhance both citric acid cycle flux and mitochondrial ATP production.
To our knowledge, no data exist that examines the efficacy of amino acid supplementation for improving skeletal muscle mitochondrial function in the elderly. This study was designed to examine the effects of a single 8-h infusion of BCAAs on skeletal muscle mitochondrial function in young and elderly adults. We hypothesized that: 1) the BCAAs would stimulate skeletal muscle MAPR and 2) the stimulatory effect of BCAA would be lower in elderly compared with young adults. Secondary measurements (e.g. mtDNA abundance, citrate synthase activity, and hormones and substrates) were performed to further the understanding of the underlying mechanism of enhanced skeletal muscle MAPR and the basic mechanisms of the regulation of mitochondrial biogenesis in humans.
Subjects and Methods

Subjects
Twelve healthy, sedentary elderly (65-80 yr) and 12 healthy, sedentary young (18 -30 yr) participants matched for body mass index (BMI) and sex were studied in this randomized, placebocontrolled, crossover study ( Participants underwent an initial screening that included a medical history; physical examination; resting electrocardiogram; and biochemical tests of renal, hepatic, hematological and metabolic function. Participants with evidence of diseases such as diabetes, cardiovascular disease, and thyroid dysfunction or a history of alcohol or substance abuse were excluded due to the potential effects these diseases may have on the outcome measures. Participants who reported using ␤-blockers were also excluded. Supplemental Table 1 , published as supplemental data on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org presents prescription medication use by study group. Body composition was measured using dual x-ray absorptiometry (Lunar DPX-L; Lunar Radiation, Madison, WI) (18) .
Experimental design
Within 1 month of the screening examination, participants were admitted to the CRU on the evening before their inpatient study day. Premenopausal participants were studied in the luteal phase of their menstrual cycle. Participants were provided a weight-maintaining diet (energy composition of carbohydrate, fat, and protein at the ratio of 50: 30:20) for the 3 d before their inpatient study from the CRU metabolic kitchen (19) . Upon CRU admission, on d 3 of the diet, participants received dinner at 1800 h and a standardized snack (5.5 kcal/kg) at 2200 h and then remained fasting until the completion of the study. The second study day was performed between 2 and 12 wk after the initial inpatient study.
At approximately 0600 h the following morning, an iv catheter was inserted in the dorsal hand vein and kept in a hot box to collect arterialized venous blood samples (20) . The order of the infusions was randomized. The BCAA (Branchamin 4%; Baxter, Clintec Nutrition Division, Deerfield, IL) infusion was administered at 0.13 ml/kg fat-free mass per hour for 30 min and then reduced to 0.043 ml/kg fat-free mass per hour from 30 to 480 min. The volume of saline (0.9% normal saline) infused was equal to the BCAA solution. The BCAA infusion was administered for 8 h because we previously reported that a combined infusion of insulin and amino acids did not significantly affect gene expression or MAPR after only 4 h of infusion, whereas significant effects on both gene expression and MAPR were observed after 8 h of infusion (16) . Preliminary studies were performed to determine the infusion rate of the BCAA mixture, which included an equimolar mixture of valine, leucine, and isoleucine, and that would achieve plasma concentrations of these BCAA greater than 3-6 times their baseline concentrations and would keep the leucine concentration 800 mol/liter or greater. Percutaneous muscle biopsies of the vastus lateralis (ϳ200 -300 mg each) were performed under local anesthesia (lidocaine, 2%) at baseline (0 h) and 8 h (21) . A portion of the muscle (ϳ50 mg) was kept on ice in saline-soaked gauze for measurement of MAPR with the remainder frozen in liquid nitrogen and stored at Ϫ80 C for later analyses.
Analytical procedures
Amino acid concentrations and protein dynamics
HPLC with precolumn o-phthalaldehyde derivatization was used for to determine plasma amino acid concentrations (HP 1090, 1046 fluorescence detector and cooling system; Hewlett Packard, Palo Alto, CA).
Hormones and substrates
Blood glucose concentration was measured during each test with the glucose oxidase method (Beckman Instruments, Fullerton, CA). Additional samples obtained at baseline and every 2 h were collected in EDTA-containing tubes and stored at Ϫ80 C for later batch analysis with hormone assays as previously described (19) . Automated immunoenzymatic assay systems were used to measure plasma insulin and GH (Beckman Coulter Unicel DXI 800; Beckman) and C-peptide (Bayer-Centaur ACS: 180 Automated chemiluminescence system; Bayer Industries, Indianapolis, IN). Glucagon was measured by direct double-antibody RIA (Linco Research, St. Louis, MO). Nonesterified free fatty acids were measured with an enzymatic colorimetric assay (NEFA C; Wako Chemicals, Richmond, VA).
Mitochondrial analysis
Maximal MAPRs were assessed in isolated mitochondria using a bioluminescent technique, as previously described (3, 22) . Briefly, fresh muscle tissue (ϳ50 mg) was minced on a child glass plate and homogenized in buffer A (100 mM KCl, 50 mM Tris, 5 mM MgCl 2 , 1.8 mM ATP, 1 mM EDTA) (22) and spun at 1020 ϫ g at 4 C. The supernatant was removed and spun at 10,000 g. The new pellet was resuspended in buffer A, recentrifuged at 9000 ϫ g and supernatant removed. The resulting pellet was resuspended in buffer B (180 mM sucrose, 35 mM KH 2 PO 4 , 10 mg acetate, 5 mM EDTA) (22) and kept on ice. The reaction mixture included a luciferin-luciferase ATP monitoring reagent (BioThema, Haninge, Sweden), 35 M ADP, and substrates. Substrates added (in millimole final concentration) were either 10 glutamate plus 1 malate (GM) or 20 succinate plus 0.1 rotenone (SR) with additional blank tubes used for measuring background. ATP production reactions were simultaneously monitored at 25 C for 20 -25 min with an automated luminometer (BioOrbit 1251; Oy, Turku, Finland). The GM substrate combination was used to measure ATP production as index of primary electron transfer to complex I of the electron transport chain (ETC). The SR substrate provides electrons to complex II of the ETC. Mitochondrial and tissue homogenate citrate synthase activity was used to calculate mitochondrial ATP production in whole tissue as previously described (23) .
mtDNA quantification
Real-time PCR (7900 HT Sequence Detection System; Applied Biosystems, Foster City, CA) was used to quantify mtDNA abundance from frozen muscle samples in duplicate as previously described (16) . The mtDNA abundance was determined using two independent primers/probe sets to mtDNA-encoded reduced nicotinamide adenine dinucleotide dehydrogenase-1 and -4 genes and was normalized to the signal for 28S rDNA, which was coamplified within the same reaction well (16) .
Statistical analysis
Data are presented as means Ϯ SEM. Three-way mixed-effects ANOVA was used to test the effects of treatment (BCAA vs. saline), age (young vs. elderly), time, and their interactions on the dependent outcome measures using SAS 9.0 (SAS Institute, Cary, NC). The data were examined for departures from normality and log transformations were used for the parameters when the variables were not normally distributed. Fisher's least significant differences test was used for post hoc analysis. Using the data from a previous study (16) and assuming the correlation between the two studies is equal to 0.5, a sample size of 12 participants per group was estimated to provide a power greater than 95% to test the effect of BCAA and 90% to test the effect of age and their interaction. For single measurements between age groups and treatment groups, paired two-tailed t tests were used. Statistical significance was set at P Ͻ 0.05. Figure 1 demonstrates that the plasma concentrations of valine, isoleucine, and leucine increased 3-to 5-fold in response to the BCAA infusion compared with saline (P Ͻ 0.0001 for all treatmenttime interaction) in both young and elderly participants (P Ͼ 0.05 for age and treatmenttimeage interaction). In contrast, the BCAA infusion resulted in reductions (21-48%, P Ͻ 0.05) in seven of the 12 non-BCAA amino acids measured in the young group (13-62%, P Ͻ 0.05) and 10 of 12 non-BCAA amino acids in the elderly group (Supplemental Table 2 ).
Results
Amino acid concentrations
Hormones and substrates
Insulin
Baseline insulin concentration did not differ between age groups or by treatment (all P Ͼ 0.05) (Fig. 2IA and IB) . As depicted in Fig. 2 , IA-IB, plasma insulin concentrations initially increased in response to the BCAA infusion, followed by a gradual decline toward baseline in both the young and elderly participants. In contrast, insulin declined from baseline in both age groups during the saline infusion. ANOVA revealed a significant treatmenttime effect (P Ͻ 0.01), with both age groups responding similarly (P ϭ 0.26 for treatmenttimeage interaction). Moreover, the BCAA infusion increased the insulin area under the curve (AUC) in the young (Fig. 2IIA) . The BCAA infusion increased the insulin AUC in the elderly, but this change did not reach the level of statistical significance (Fig. 2IIA) .
C-peptide
Baseline C-peptide concentrations did not differ between treatments or age groups (all P Ͼ 0.05) (Fig. 2IC and 2ID) . The BCAA infusion maintained the C-peptide concentrations at higher concentrations at 4 and 8 h compared with the saline trial ( Fig. 2IC and 2ID ). ANOVA revealed a significant treatmenttime (P Ͻ 0.01), with both age groups responding similarly (P Ͼ 0.05 for treatmenttimeage interaction). Subsequently, the C-peptide AUCs were significantly higher under the BCAA condition compared with saline in both the young and elderly participants (Fig. 2IIB) .
Glucagon
Baseline glucagon concentrations did not differ between treatments or age groups (all P Ͼ 0.05) (Fig. 2IE and  2IF ). Glucagon concentrations declined from baseline in both age groups during the saline infusion ( Fig. 2 IE and  2IF ). ANOVA revealed a significant treatmenttime effect (P Ͻ 0.0001), with both age groups responding similarly (P ϭ 0.47 for treatmenttimeage interaction). Moreover, the infusion of BCAA increased the glucagon AUC among the elderly participants (Fig. 2IIB) .
Glucose
Baseline glucose concentrations did not differ between treatments or age groups (all P Ͼ 0.05) (Fig. 2IG and 2IH) . The BCAA infusion resulted in significant decline in glucose from baseline compared with the saline infusion (P Ͻ 0.01 for the treatmenttime) in both the young and elderly participants (P Ͼ 0.05 for the treatmenttimeage) (Fig. 2IG  and 2IH ). Glucose AUCs were lower on the BCAA trial in both young and elderly participants (Fig. 2IID) .
Free fatty acids (FFAs)
Baseline FFA concentrations did not differ between treatments or age groups (all P Ͼ 0.05) (Fig. 2II-IJ) . FFA levels gradually increased, in both age groups, during saline infusion (Fig. 2II-IJ) , but initially declined during BCAA infusion followed by a gradual increase in both young and elderly participants. ANOVA revealed significant timetreatment (P Ͻ 0.001) and timeage (P ϭ 0.043) interactions, with no agetreatment (P ϭ 0.884) or timetreatmentage (P ϭ 0.751) interaction. The BCAA infusion resulted in similar reductions in the FFA AUC in young and elderly participants (Fig. 2IIE) .
Serum testosterone
As expected, total serum testosterone was lower in elderly males than young males (330 Ϯ 53 vs. 537 Ϯ 58 ng/dl, P ϭ 0.025).
MAPR
Baseline MAPR with the GM and SR substrates (Fig. 3 , A and B) were lower in the elderly than the young (P Ͻ 0.05 for age) when normalized to tissue weight. Similarly, baseline MAPR with the GM substrate (Fig. 3C) was lower in the elderly than the young when normalized to mitochondrial protein content.
Within the young group (Fig. 4, A and B) , MAPR declined from baseline during the saline infusion (P Ͻ 0.05) when normalized to tissue weight, and relative to this control trial, MAPR was elevated with the infusion of BCAA for both substrate combinations used (P Ͻ 0.05 for treatment). Similar trends were also observed when the MAPR data were expressed relative to mitochondrial protein content (Fig. 4, C and D ). There were no significant changes in MAPR in the elderly participants whether normalized to tissue weight or mitochondrial protein content. Baseline citrate synthase activity (units per gram tissue per minute) levels were lower in the elderly than the young under both the saline (13.2 Ϯ 1.1 vs. 16.2 Ϯ 1.2, respectively) and BCAA (12.8 Ϯ 0.9 vs. 15.6 Ϯ 0.8, respectively) conditions, although these differences did not reach the level of statistical significance (P ϭ 0.10 for age). There were no changes in citrate synthase activity in response to either BCAA or saline in either age group. 
MtDNA quantification
mtDNA abundance was significantly lower in the elderly compared with the young during BCAA administration using both genome markers studied (all P Ͻ 0.05 for age) (Fig. 5 ). There were no significant changes in mtDNA abundance within or between treatments, irrespective of age.
Discussion
The current study examined the effects of an 8-h infusion of BCAA on skeletal muscle mitochondrial ATP production in sedentary young and elderly adults. The primary finding was that the infusion of BCAA increased MAPR in young participants when compared with saline when sub- 
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strates that primarily provide electrons to complex I (GM) or complex II (SR) of the ETC were used. In contrast, there were no significant changes in MAPR in the elderly participants in response to BCAA. The infusion of BCAA also increased plasma concentrations of insulin, C-peptide, and glucagon in both groups relative to the time-related declines in these hormones that were observed during the saline condition. Moreover, BCAA although increasing plasma concentrations of leucine, isoleucine and valine reduced the concentrations of many other amino acids, consistent with the reduction in protein breakdown and endogenous amino acid influx (24, 25) . This study aids in the understanding of the underlying physiological processes stimulated by BCAA, which are readily available as nutritional supplements. As is seen with other medications and supplements, there were variations in the physiological response that were associated with aging. Specifically, BCAA stimulated MAPR in the young but not the elderly. Although the underlying mechanisms for these responses remain unclear, it is possible that BCAA-induced stimulation of insulin secretion may play a role. In support of this contention, it has been previously reported that a physiological infusion of insulin, in conjunction with amino acids, enhances skeletal muscle MAPR, gene transcripts encoding mitochondrial proteins, and mitochondrial protein synthesis in young adults (16) . Moreover, it was also recently demonstrated that insulin action is an important determinant of skeletal MAPR in people with type 1 diabetes (26) . Indeed, the BCAA-induced increase in the insulin AUC was greater in young compared with the elderly, which may have contributed to the difference in MAPR outcomes. However, the present data suggest that the effects BCAA-induced enhancement in MAPR are probably driven more by the acute elevation of BCAA rather than insulin because the differences in insulin exposure between conditions was relatively small when compared with our previous (insulin and amino acid) infusion studies. It is also possible that age-related insulin resistance played a role in the blunting of the BCAA-induced enhancement in MAPR among the elderly. In a corollary, it has been shown that skeletal muscle protein synthesis is blunted in response to insulin (27) , and therefore, it is conceivable that this mechanism may also be involved in the blunting of the response to BCAA.
The BCAA-induced enhancement of cell signaling pathways (e.g. Akt-mTOR) that regulate skeletal muscle protein synthesis (17) may also play a role in facilitating the acute enhancement in mitochondrial function. Indeed, it has recently been reported that leucine supplementation enhances postprandial mitochondrial protein synthesis in male Wistar rats (28) . Moreover, BCAAs have been shown to activate the Akt-mTOR cell signaling pathway (29, 30) . In addition to the known effects of BCAAs on the AktmTOR signaling pathway, future studies are needed to examine the effects of BCAA on sirtuin1, peroxisomal proliferator-activated receptor-␥ coactivator 1-␣, mitochondrial transcription factor A signaling pathways, which directly regulate mitochondrial biogenesis and function. The timing of the muscle biopsies (0 and 8 h) precluded the evaluation of the role of these cell signaling pathways (and others) in the regulation of the effect of BCAA on mitochondrial function because it is well recognized that cell signaling pathways are rapidly turned on (Ͻ30 min) and off (Ͻ60 min) (31, 32) . Therefore, it is possible that these signaling pathways were involved in the BCAA-induced enhancement of MAPR that we observed in the young.
Consistent with our previous reports (3, 33) , the present data indicate that sedentary elderly adults have lower MAPRs than sedentary younger adults. It could be hypothesized that age-related declines in sex hormones (e.g. testosterone) may mediate in part the age-related decline in MAPRs. As expected, the elderly men had lower testosterone concentrations than young men. It could also be postulated that the lack of response to BCAA (particularly in elderly men) may be related to reduction in circulating sex hormones. However, the present study was not designed to properly address this issue. Future studies are warranted to examine the role of age-related declines in circulating sex hormones on mitochondrial function. Interestingly, we recently reported that MAPRs are lower in women than men, which may be related to differences in sex hormones (33) . Although we did not observe a significant sex effect on MAPRs in the present study, it should be recognized that the present study was not powered to detect a main effect of sex on MAPRs.
It could be argued that the BCAA dose might have been insufficient to exert a stimulatory effect on mitochondrial function in the elderly. Indeed, healthy elderly adults have been shown to be resistant to the anabolic effects of amino acids (34) ; therefore, it may be possible that elderly adults are also resistant to the stimulatory effects of BCAAs on mitochondrial function. Further studies are warranted to examine whether higher doses of BCAAs result in improvements in mitochondrial function among the elderly. However, it should be noted that the leucine concentrations achieved in the present study were about 33% higher than the leucine concentrations reported previously (34) and were severalfold higher than saline.
Amino acids, including BCAAs, are well known to have pluripotent effects on the pancreas, including the promotion of insulin and glucagon secretion in humans and animals (35) (36) (37) (38) . Indeed, the present data clearly demonstrate that the infusion of BCAAs affects both insulin and glucagon secretion. Of the BCAAs, leucine has been reported to be the most potent stimulator of insulin secretion in animals (39) However, in lean healthy humans, it has been reported that the a 5-h iv infusion of leucine has only a limited effect on insulin secretion (40) . Differences in the duration (8 vs. 5.5 h) of infusion and the achieved leucine concentration (ϳ800 vs. ϳ300 mol/liter) between our previous study (40) and the present study may account for the variation in insulin secretion between these two studies. The effect of BCAA infusion to prevent the time-related decline in glucagon may be due in part to the larger decline in plasma glucose compared with the saline trial. Administration of amino acids has been shown to directly stimulate glucagon secretion (38) , although this effect is strongest with non-BCAAs (e.g. alanine, arginine, asparagine, and glycine) and the effects of BCAA appears to be minimal (35) . Therefore, it is probable that the BCAAinduced elevation in the glucagon AUCs is a counterregulatory response to the greater decline in plasma glucose concentrations that were observed in the BCAA condition.
We recognize that a limitation of the present investigation is that we did not directly measure cardiorespiratory fitness (peak oxygen uptake) or physical activity, which likely has affects on mitochondrial density and function. However, we previously demonstrated that MAPRs are lower in sedentary elderly adults than sedentary younger adults matched for BMI, age, and physical activity (33) .
In conclusion, the BCAA infusion enhanced skeletal muscle MAPR in the young but not the elderly. Whether this effect is a direct effect of BCAAs on muscle, or requires the action of insulin or other hormones and signaling molecules remains uncertain. Muscle mtDNA abundance was lower in the elderly than the younger participants and was unaffected by the infusion of BCAAs. Further studies are warranted to examine the exact mechanism by which BCAAs enhance MAPRs in the young but not the elderly and the potential effect of chronic dietary supplementation on changes in MAPRs to evaluate the clinical utility of these widely available nutritional supplements. 
